ABSTRACT
Introduction
Peripheral refraction has been widely studied since it was suggested that it might play a role in the refractive development of the eye, more specifically in myopia progression. 1, 2 Previous animal studies reported that peripheral hyperopic defocus (light focused "behind" the retina) seems to act as a stimulus for central myopic development. 3 It has been observed that peripheral refraction is relatively more hyperopic in myopic eyes than in emmetropic along the horizontal visual field. 4 There is also evidence of differences in peripheral refraction between Asian and Caucasian eyes 5 and between progressing and stable myopes. 6 However, there is controversy over the potential benefit of manipulating peripheral defocus to interfere with the emmetropization mechanism of the eye. This is because the relative peripheral hyperopia appears to exert little consistent influence on the risk of the onset of myopic refractive error, on the rate of myopia progression, or on axial elongation in children 7 , as observed in other clinical studies. 8, 9 While a previous report had assigned a supplementary risk of onset of myopia to adult subjects who manifested hyperopic peripheral refraction, 10 others suggested that hyperopic blur is a risk factor for myopia progression only when the eye has a negative spherical aberration, because that is the combination leading to relatively low contrast in the defocused retinal image. 11 Despite this it is not well understood how the eye distinguishes signs of defocus. A potential explanation could be the use of the relative position of both astigmatic focal surfaces (sagittal and tangential), as previously suggested by Howland and further elaborated upon by Charman. 12 According to this theory, Howard Holland has suggested that the retinal circuitry involving cells sensitive to different orientations might be involved in detecting the relative position of the tangential and sagittal image planes. The peripheral retina is less likely to be involved in defocus sensitivity due to its lack of resolution. However, it is argued that it might be much more sensitive to radially and tangentially oriented gratings. 12 The mechanisms by which the eventual detection of the stimulus results in an action to elongate or not to elongate the eyeball are still elusive. Several treatments addressing changes in the peripheral refraction issue are now available. 13, 14 Some of these treatments were specifically designed for the purpose of inducing peripheral myopic defocus, while others that are commercially available to correct central myopia and presbyopia also shown successful results in preventing myopia progression.
Single-vision (SV) soft contact lenses (SCLs) have been reported to potentially change the state of relative peripheral defocus. However, Shen et al. study revealed that visual correction with SVCLs did not provide significant change in relative peripheral hyperopia, although could be expected to slightly decrease in peripheral hyperopia with both soft and rigid CLs. 17 On the other hand, another study showed that full correction of central myopia with Proclear SCLs resulted in an increase in relative peripheral hyperopia in both low and moderate myopes. Opposite reports were related with differences in design of each specific SV SCL studied. 18 Orthokeratology (OK) is considered a corrective treatment that also allows myopia retention. 19 Previous studies on OK observed retention rates of about 40% in children of different ethnicities. [20] [21] [22] Also, aspheric center-distance multifocal contact lenses (MFCLs) demonstrated retention rates of about 40-50% in recent clinical trials 23 and also axial elongation reduction of 20%, after 2 years. Both treatments have in common the production of a relative peripheral myopia reversely comparing with baseline condition in which could be seen a relative hyperopia. After OK, the expected relative myopia induced is correlated 1:1 with central myopia 24, 25 , being almost symmetrical across horizontal and vertical meridians of the peripheral retina. 26 Center-distance MFCL predictably induces peripheral myopia, 27, 28 which might be expected knowing that increasing the additional power of MFCL also increases the induction of peripheral myopia. A study has shown that center-distance aspheric multifocal soft contact lenses with +3.00 and +4.00 add power induced more peripheral myopia than +1.00 and +2.00 D add lenses. However, there were no differences between +3.00 and +4.00 and the off-axis myopia induced was less symmetric between nasal and temporal retina with the higher add powers. 27 Recently, Flitcroft highlighted the impact of different corneal and retinal shapes on the relative position of the sagittal and tangential image shells. 29 Our results indeed suggested that this pattern is significantly different between progressing and stable myopes in a cross sectional study involving 60 ethnic, age, foveal refraction, and axial length-matched stable and progressive myopes. 6 Some earlier attempts to measure peripheral refraction were performed in the context of studies evaluating night vision and night myopia, with the justification that vision at very low brightness involves the parafoveal area up to 10-15°. As early as 1918, Ogata and Weymouth measured refraction at various angles and found that 40% of the sample measured showed increasing relative peripheral myopia until 4°of eccentricity, where the value became constant at about −0.37 D (−0.30 to −0.50 D). They justified this finding with the parafoveal cupping of the retina. 30 The importance of the pattern of astigmatic refraction was originally attributed to the early works of Ferree and his definition of different patterns and their role in emmetropization . 31 Ames and Proctor, in a review paper published in 1921, reported that the retina is located between the primary (tangential) and secondary (sagittal) foci. 32 Results from animal studies provided evidence of a significant correlation effect between the relative astigmatic defocus (sagittal and tangential power errors) and the emmetropization process of rhesus monkeys. 33 Despite this, most previous studies addressing the changes in peripheral refraction concentrated on spherical equivalent changes and vectorial decomposition of astigmatism (J0 and J45). Table 1 shows the outcomes of different studies reporting the changes in relative peripheral defocus with different contact lenses. 14, 17, 18, 24, [26] [27] [28] [34] [35] [36] [37] [38] [39] Conversely, information about the relative position of the sagittal and tangential components of refraction regarding the retinal plane across the visual field is lacking in the literature published on this topic. Therefore this study looks at peripheral refraction in the tangential and sagittal planes.
The goal of the present study is to report aggregated data showing the changes induced by different contact lenses on peripheral astigmatic defocus. With this work we intend to summarize the results of different studies and provide a comparative view of all the results obtained from the same center with the same methodology using different optical devices.
Methods

Subjects and lenses
The present study gather the results of different clinical trials conducted at the Clinical and Experimental Optometry Research Lab (CEORLab, Minho University, Braga, Portugal) between January 2008 and December 2012. The results of those studies, comprising a total of 137 eyes, are published in previous works (see Table 2 ). 24, 28, [40] [41] [42] However, the information provided here has not previously been reported.
A total of eight different contact lens types tested in 137 subjects resulted in 236 peripheral refraction measures. Those included orthokeratology 24 (n = 28), standard aspheric rigid gaspermeable (RGP, n = 52), 41 experimental RGP (n = 52) 41 , and experimental soft CL (n = 10) 40 to facilitate induction of peripheral myopic defocus, concentric MFCL (Oasys, n = 19), 42 aspheric center-distance silicone hydrogel soft MFCL with Add: +2.00 D (Biofinity multifocal D, n = 19) 42 and aspheric center-distance MFCL with add: +2.00 D (Proclear Multifocal D, n = 28) 28 , and +3.00 D (Proclear multifocal D, n = 28). 28 Table 2 summarizes the characteristics of all the contact lenses involved in the experiments reported.
With the exception of orthokeratology, all the remaining studies were non-dispensing. All studies included a young Caucasian university student population with the same inclusion and exclusion criteria. In brief, subjects were required to have myopia, without any eye disease or injury, no previous history of refractive surgery, and not being under the effect of any ocular or systemic medication. Table 3 summarizes the demographic data for the different samples evaluated for each treatment. As defined in the respective publications, the participants were fully informed about the purpose, all the procedures of each study were approved by the Scientific Committee of the School of Sciences of Minho University (Portugal), and all participants gave their written agreement following the tenets of the Declaration of Helsinki Research protocol. The data obtained under naked eye condition Table 1 . Summary of studies comparing relative peripheral myopic defocus to single-vision (SV) contact lenses (CL), center-distance multifocal (MF) soft contact lenses (SCL), gradient power CL, orthokeratology CL (OK), and single-vision or peripheral gradient spectacles (for comparison purposes) in human myopic eyes.
Author ( (baseline) from the same subjects, as peripheral refractive error, were collected and analyzed as baseline data for comparison purposes.
Peripheral refraction measurements
Objective central and peripheral refraction was measured in the right eye by a non-cycloplegic examination using an openfield autorefractor/keratometer (Grand-Seiko WAM-5500, Grand-Seiko Co., Ltd., Hiroshima, Japan). The illumination in the examination room was adjusted to obtaining sufficiently large pupil size to allow peripheral measurements, which were achieved in all cases without pharmacological midriasis. The left eye was always occluded during measurements. Peripheral refraction was taken at known eccentricities presented in a static target, located at 2.5 m and consisting of an offset of LEDs arranged on a horizontal flat rail implying eccentricities between 30 ο nasal and 30 ο temporal, in intermediate 5°or 10°steps, depending on the study. As the targets used in studies were small LED lights and were located at 2.5 me distance, the expected accommodative demand would be about 0.5 D. However, measurements at distance using an open-field autorefractor did not significantly change the axial refractive error, in comparison with cycloplegic refractive values, in young subjects. 43 All measurements reported were obtained by rotating the eye to rectify fixation of the peripheral LED targets. The objective refraction was averaged from five measures taken on-and off-axis, at each retinal eccentricity (α). Individual data were converted to vector components according to Fourier analysis, as recommended by Thibos. 44 M, J0, and J45 are only presented as descriptive values for the sample characterization. For statistical analysis only the tangential (F T = M + J0) and sagittal (F S = M − J0) power errors were considered. We have previously published data on astigmatic peripheral defocus, decomposed in sagittal and tangential power errors for myopic eyes undergoing orthokeratology treatment 45 
Statistical analysis
Refraction data were treated statistically using SPSS (for Windows, version 20, New York, USA). The Shapiro-Wilk Test was applied to evaluate the normality of data distribution. When normality could not be assumed, the Wilcoxon signed-rank test was used for paired comparison (between baseline and post-treatment values; nasal and temporal symmetry of the refractive profile; and relative peripheral myopia with eccentricity/center), and paired-sample t-testing was used when normality could be assumed. The concept of relative peripheral refractive error (RPRE) was used to define the degree of myopia/hyperopia at baseline or induced by the treatment for each eccentric location, normalized to the axial refraction off-axis minus on-axis. For statistical purposes, p-values lower than 0.05 were considered statistically significant. 
Results
Relative peripheral myopia
The concept of RPRE was used to define the degree of myopia/hyperopia existing or induced by the CL at each eccentric location compared to the axial refraction (at 0°). For a given eccentric location of angle = α, RPREα = PREα (post-CL) -RPREα (pre-CL), with M or J 0 as previously defined. This section reports the change in relative peripheral defocus from the center towards the periphery with different optical design devices (CL). We are particularly interested in reporting at which eccentricity (α) the RPRE becomes significantly myopic.
In the OK treatment the nasal retina becomes significantly myopic beyond 15°(i.e., p < 0.05 for α > 20°) and in the temporal retina beyond 10°(i.e., p < 0.05 for α > 15°). Regarding changes in F T power error, all points except those located between 15°nasal and 5°temporal show statistically significant differences compared to changes in axial refraction, and for the F S component all points except the central ones (α = 15°nasal to 15°temporal). This follows experimental RGP showing myopic RPRE from 10°in the nasal retina to 5°in the temporal retina. The third approach, showing a significant RPRE myopic defocus, is Proclear multifocal with +3.00 D near add. On the other hand, Acuvue Oasys multifocal presents Table 3 . Demographic baseline parameters of the subjects sampled in each study and significance of comparisons among them. a "flat" pattern with no significant change in RPRE for peripheral eccentricities (p > 0.05, for all eccentricities). Table 4 presents the average values of RPRE for M, F S , and F T measured for each treatment at 30º of eccentricity.
Symmetry of refractive profile vs. eccentricity
This section reports the symmetry between the relative peripheral defocus, comparing the nasal and temporal areas for each given eccentricity (10°, 20°, 30°). Figure 2 shows the average peripheral refractive patterns obtained with each treatment. Plots represent relative peripheral defocus, with all curves normalized to set the central refractive value at "zero." This provides an enhanced view of the relative changes in peripheral refraction compared to central measurement. For the F T component there were no statistically significant differences between nasal and temporal corresponding eccentricities of the retina for aspheric RGP (B) and experimental sSCL (D); for the F S component there were no statistically significant differences for orthokeratology (A), aspheric RGP (B), and experimental RGP (C). The treatments that induced a more marked increase in myopic RPRE were experimental RGP and orthokeratology lenses. Additionally, orthokeratology was the treatment that produced the least asymmetrical refractive pattern comparing nasal and temporal retina at 30°eccentricity: difference in F T = 0.05 ± 2.48 D (p = 0.266) and difference in F S = 0.01 ± 1.08 D (p = 0.962).
Discussion
The present study provides a meta-analysis of peripheral refraction data obtained from different contact lenses used or with the potential to be used in myopia progression studies. Using the same methodology at the same research center we have shown that their effect on peripheral refraction varies significantly.
Peripheral refraction has become an important issue in the evaluation of myopia progression, as it can provide an explanation for the effectiveness in myopia retention of certain treatments such as orthokeratology. However, it is not well understood how the eye distinguishes signs of defocus that triggers ocular growth. Several theories have been proposed, one of which is related to the oblique astigmatism of the eye. 46, 47 It has been hypothesized that the ocular growth mechanism in the peripheral retina might use orientation cues to assess the "positions" of the two astigmatic image shells and thus compensate for axial elongation whenever the relative peripheral sagittal focal line "stands behind" the retina. In this domain, the limits of Sturm's interval (distance between tangential and sagittal focal lengths) and their orientations might provide the necessary cue to stimulate or slow the growth of the posterior pole of the eyeball. Potential explanations for this mechanism are found in the radial orientation of some photosensitive cells that show preferential orientation, maximizing grating contrast in the periphery. 12 Nevertheless, the mechanism by which the detection of the relative position of the astigmatic foci, which result in a stimulating or protective effect on ocular growth, is not known. This is partly supported by results from Hung et al. 48 , who found differences in the pattern of eye growth in rhesus monkeys dependent on the relative positions of the tangential and sagittal focal lengths with respect to the retinal plane. In the presence of mixed astigmatism, the primates' eyes tended to grow in order to reposition the retina with the most posterior focal shell position (F S ). 49 When analyzing the data from the eight different optical devices reported in this study, there is evidence that both OK lenses and peripheral gradient RGP lenses are able to provide a greater degree of peripheral myopia induction for both limits of Sturm's interval. Rather, treatments such as concentric MFCL (Acuvue Oasys for Presbyopia) did not show potential in producing peripheral myopic defocus, as observed in Figure 1E , despite previous studies having shown to be partly effective in myopia retention. 13, 15 The results suggest that the effectiveness of myopia regulation with lenses of this type 13, 15 cannot be exclusively assigned to peripheral myopic defocus or peripheral astigmatic defocus and other factors may be involved, including changes in both the accommodative activity of the eye and the focusing properties at the foveal area. 50, 51 Recently, Smith et al. suggested that the efficacy of bifocal concentric addition designs used in myopia progression trials 13 might be explained by a certain effect of peripheral myopic defocus in addition to other potential mechanisms affecting the foveal vision. Although our methodology does not support such an assumption, we have to recognize that due to the sudden power changes between distance and near zones in these MFCL, measuring methods such as autorefractometry or even aberrometry might not be sensitive enough to detect such a hypothetical peripheral myopic defocus, and it is a limitation of this study. Another limitation of the methodology followed might be in the fixation stimulus used. When looking at a LED source of light, the accuracy of consistency of the response may change over time. However, we consider that this is relatively well-controlled source of error by virtue of averaging the five measurements obtained over a short period of time. Finally, the fact that we used a flat target instead of a curved one creates minor changes in the accommodative demand for the eye of 0.054 D when looking at the peripheral LEDs. However, this source of bias is not relevant for the purposes of the study and might have marginally affected the results presented in Figure 1 .
Soft peripheral refractive gradient CLs designed for myopia regulation do not seem to be as effective as their rigid counterparts or orthokeratology in changing the peripheral refractive pattern. Their effect on reduction of peripheral hyperopia is limited and only noticed at the most eccentric retinal locations. This is agreement with the results of a recent 2-year longitudinal study evaluating the efficacy of a soft radial gradient contact lens to control myopia progression. 52 The authors compared the soft lens against orthokeratology and found a lower myopia retention effect compared with orthokeratology, but a significant effect of retention compared with the SV spectacle lens wearers acting as controls. In fact, SCLs are preferred platforms for this kind of device because of their disposability and immediate comfort, which makes them ideal for children. Good centration and dynamical stabilization is fundamental to obtaining a good and required adjustment of peripheral myopic shift. Previous studies a showed lack of effect on reduction of relative peripheral hyperopia at one side of the retina, presumably because the lens was decentered from the visual axis.
14 Sankaridurg et al. showed that a specially designed MFCL was able to reduce myopia progression by about 30%.
14 It seems that the induction of myopic defocus in both the nasal and temporal visual fields could improve the efficacy. 53 The conventional aspheric RGP designs provide a certain degree of myopic defocus for the peripheral tangential focal length, but almost no effect on the peripheral sagittal foci. This is in agreement with the results of Shen et al. 17 Then, the peripheral myopic defocus would be negligible from the perspective of myopia control treatments. This partly agrees with the absence of effect of conventional (excepting orthokeratology) RGP lenses on myopia progression as previously reported in two different clinical trials. 54, 55 Biofinity and Proclear MFCL with +2.00 add powers showed minimal effect on myopic peripheral defocus induced. However, it has been observed that center-distance aspheric MFCL presents increasing peripheral myopic defocus as the peripheral add power increases, 27 and higher add powers would be expected to induce more myopic defocus. Conversely, the Proclear with +3.00 add power induced a higher level of relative peripheral myopic defocus. In light of the potential effect of relative peripheral myopic defocus on myopia regulation, we could argue that a +3.00 add might be more effective than a +2.00 add center-distance aspheric multifocal contact lens. This is in agreement with the limited results in myopia retention found by Walline et al. in a clinical trial involving the use of Proclear multifocal with add +2.00 D. 23 The level of peripheral myopia is probably not the only factor involved in the peripheral induction of defocus. Evidence of the OK myopia retention effect can be seen in Cho 21 , and was expected to be almost 2 D, and in Kakita 22 almost 2.50 D of peripheral myopia induction was found. 24 Nevertheless, the optimal results for induction of peripheral myopic defocus, peripheral F T , and F S were seen with the CRT OK lens, experimental RGP lens, and wMFCL Proclear +3.00 D add (Table 4) .
Beyond the amount of peripheral myopic defocus induced, the asymmetry between the nasal and temporal visual fields is evident for some treatments (center-distance multifocal contact lens) while others show a fairly symmetric effect (orthokeratology, experimental RGP). These effects might be relevant to the efficacy of myopia control considering the asymmetries shown between the nasal and retinal anatomy of progressive and non-progressive myopes. 6 We might also hypothesize that the degree of efficacy in myopia control of these treatments could be enhanced if personal approaches that could account for inter-subject variation and asymmetry in the peripheral refraction patterns were considered. Again, though some authors have found in prospective clinical trials that the sign of peripheral defocus does not predict the axial elongation of the eye during myopia development, those studies analyzed only the spherical equivalent components rather than the astigmatic defocus. 7, 56 Furthermore, the fact that the sign of peripheral defocus does not predict myopic progression does not directly imply that addressing treatments based on changing the peripheral defocus cannot be effective for myopia control. Indeed, several animal studies and clinical trials in humans seem to point towards the efficacy of such treatments. While the ultimate causative factors are still to be clarified, the potential role of peripheral defocus treatments cannot be ruled out, but considered carefully either per se or in association with other potential mechanisms.
In summary, in a young university Caucasian population, the present results may provide some clarification on the potential role of different devices in interfering with myopia progression based on the impact of relative peripheral myopic defocus and the potential role of astigmatism in acting as a critical cue for this mechanism.
